INTRODUCTION TO HIV-1 EXPERIMENTAL EVOLUTION
There is abundant evidence for HIV-1 evolution in diverse settings. In fact, HIV-1 evolution follows the principles of Darwinian evolution, which is a twostep process. The first step consists of the generation of genetic variants. In the second step, this material is exposed to phenotypic selection. The error-prone reverse-transcription process is the major cause of the rapid generation of HIV-1 variants, resulting in a mixed viral population of related genomes, also termed quasispecies (Munoz et al. 1993; Domingo & Wain-Hobson 2009) . When allowed to replicate, the HIV-1 variant with the best fitness will outcompete the other variants. It is very important to note that the mutation step of evolution is completely independent of the selection step. Even though the virus population is eventually shaped by phenotypic selection criteria, the nucleotide substitution rates will largely determine the set of mutants available within the viral quasispecies for this selection process. As we will present different virus evolution strategies, the importance of both steps will become apparent.
We prefer to start evolution experiments with a plasmid carrying a complete and infectious DNA copy of the HIV-1 genome. The use of such an infectious molecular clone as input material allows one to unequivocally score newly acquired mutations, which provides an important benefit over the use of a virus stock, which is likely to harbor diverse viral variants. The molecular clone also allows mutation of sequence or structured elements in the viral genome to study their function in replication. We usually start an evolution experiment by transfection of the molecular clone into T cells. Whereas the original virus (wildtype; wt) will replicate rapidly, replication of the mutant virus may be reduced or undetectable, in which case we maintain the cells in culture by splitting when needed. A low level of ongoing virus replication in combination with the error-prone viral replication machinery will drive evolution, which may result in the emergence of variants with improved replication potential and a concomitant increase in the viral load. Once signs of virus replication are observed, the virus is passaged onto fresh cells. Initially, a large inoculum is used that in addition to the virus also contains virus-producing cells. In most experiments, the replication capacity of the virus gradually increases and the size of the inoculum can be decreased in subsequent passages, till fast-replicating variants have evolved that can be passaged cell-free. At each passage, infected cells are isolated and stored for sequence analysis of the integrated proviral genome. The mere selection of a specific mutation does not necessarily mean that it is responsible for the restored replication capacity. It is necessary to experimentally demonstrate that the acquired mutation caused the increased replication capacity. To do so, the evolved sequence is re-cloned into the viral genome and the replication potential of this variant is compared with that of the original mutant virus. A similar protocol can be used to select virus variants that are resistant to specific virus inhibitors (e.g. reverse transcriptase or protease inhibitors) or that have adapted to specific conditions (e.g. replication in a specific cell type).
THE HIV-1 MUTATION FREQUENCY AS DRIVER OF EVOLUTION
The mutation frequency of HIV-1 varies considerably for different kinds of mutations. For example, the G-to-A mutation is observed most frequently and is considered to be relatively easy to generate. In general, transversions (purine to pyrimidine or pyrimidine to purine mutations) are seen less frequently than transitions (purine to purine or pyrimidine to pyrimidine mutations; Keulen et al. 1996) . Moreover, double mutations are more difficult than single mutations and therefore much less frequently observed Berkhout & de Ronde 2004) . Given the considerable HIV-1 population size, combined with the rapid replication kinetics and the high error rate during viral replication, it can be calculated that all variant genotypes with single nucleotide substitutions will be available in an infected individual (Coffin 1995) , but it is less likely that complex substitution patterns are available in the initial virus pool.
The virus populations that are handled in in vitro experiments will usually be much smaller, which will limit the available genotypic variation. The use of a molecular HIV-1 clone as starting material will reduce the initial genetic variation to almost zero. Since mutation is a chance process, one should not put too much value on the mutational pattern in an individual culture. One should ideally analyse virus variants that emerge in multiple independent cultures, which may provide different answers to the same problem. In most cases, multiple evolution routes are observed that provide a glimpse of the sequence space available to support virus replication. However, the repeated selection of the same or similar escape viruses is also very informative, as it indicates that the problem can only be solved by that frequently observed mutation.
We elaborated on the concept of easy and difficult mutations in the field of antiviral drug resistance. If relatively difficult drug-resistance mutations are consistently observed at certain positions in the viral genome, we hypothesized that it is likely that easier nucleotide substitutions at that codon did not pass the fitness selection criteria . A notable example is provided by changes observed at codon 215 in the reverse transcriptase (RT) gene in HIV-1-infected individuals treated with the nucleotide inhibitor AZT (zidovudine). Variants were selected with either a Thr215Phe or a Thr215Tyr substitution. Both mutations require two nucleotide changes (ACC ! TTC and ACC ! TAC, respectively). There are five alternative amino acid substitutions (Ile, Ala, Ser, Pro, Asn) that are in fact easier to generate than Thr215Phe, and 10 substitutions (Ile, Ala, Ser, Pro, Asn, Val, Met, Leu, Asp, Gly) that are easier to generate than Thr215Tyr. Yet, none of these alternative substitutions have been detected in vivo and in vitro, arguing that they do not provide AZT-resistance or that they are incompatible with RT enzyme function and virus replication. These combined results suggest that only aromatic residues at position 215 can provide the AZT-resistance phenotype, which was confirmed by a mutational analysis (Lacey & Larder 1994) .
CLONAL EVOLUTION HIGHLIGHTS THE MUTATIONAL STEP
Virus replication will result in variants that form the quasispecies. Subsequent competition will result in the outgrowth of the fittest variant. Thus, a single evolved variant will be selected over time and other less optimal variants will be missed. We described a limiting dilution evolution approach that prevents competition between different emerging replicationcompetent virus variants, which allows the outgrowth of sub-optimal virus variants. We applied this protocol for the selection of previously unidentified HIV-1 variants that are resistant to the nucleoside RT inhibitor 3TC (lamivudine) (Keulen et al. 1997) . In this approach, infected cells were cultured in the presence of 3TC. Instead of maintaining a large cell-virus culture, the cells were serially diluted shortly after infection. The large-culture studies and 3TC-therapy of HIV-1-infected persons had yielded only two types of 3TC-resistant variants, with either a Met184Ile (ATG to ATA) or Met184Val (ATG to GTG) mutation in the catalytic domain of RT. The limiting dilution protocol did not only yield these Met184Ile and Met184Val variants (19 and 4 out of 32 clones, respectively), but also the novel Met184Thr variant (ATG to ACG; 9 out of 32 clones). Indeed, this 184Thr variant does replicate poorly and will easily be lost owing to competition in a larger population setting.
When the forces of competition are nullified, the likelihood of generating a particular mutation determines how the virus evolves. The results of the 3TC-selection experiment are fully consistent with this idea, as simple transitions are observed more frequently than more difficult transversions, and no double mutations were scored. One will only see the less likely events when a large number of independent evolution cultures are analysed. Among the 19 Met184Ile variants, we observed 18 times the expected Ile variant owing to a transition (ATG to ATA), but the alternative Ile codon owing to a single transversion (ATG to ATT) was scored only once. In larger viral populations, many possible variants may be present or within mutational reach, but selection will shape the quasispecies by the outgrowth of a limited number of top-fit virus variants.
In real life, virus evolution can depend on a complex interplay of the mutation and selection steps. For instance, 3TC-treated patients may initially show the 184Ile variant, which is made by the most frequently occurring G-to-A transition ).
This variant is subsequently outcompeted by the 184Val variant, which is more difficult to make via an A-to-G transition, but providing a subtly improved RT activity and viral fitness (Back et al. 1996) . Thus, both mutation (Ile) and selection (Val) forces are visible in the evolution of 3TC-resistance.
FRUSTRATING ANTIVIRAL RNAi APPROACHES
RNA interference (RNAi) is an evolutionarily conserved process that provides the cell with an additional tool to regulate gene expression and to control infecting viruses (Berkhout & Haasnoot 2006; Obbard et al. 2009 ). RNAi may also be a powerful method for intracellular immunization against HIV-1 ( Haasnoot et al. 2007 ). We and others demonstrated long-term inhibition of virus replication in human T cells that stably express small-interfering RNAs (siRNAs) directed against the HIV-1 genome (Banerjea et al. 2003; Boden et al. 2003; Das et al. 2004a; Lee et al. 2005; ter Brake et al. 2006 ter Brake et al. , 2008a von Eije et al. 2008 ). However, viral escape variants can emerge that are no longer inhibited (Boden et al. 2003; Das et al. 2004a) . For example, in a study in which the HIV-1 Nef gene was targeted, the virus escaped from the imposed RNAi pressure in multiple independent cultures (Das et al. 2004a) . The escape routes demonstrate the exquisite sequence-specificity of RNAi, as all escape variants-except for the R8 variant-carried a mutation within the 19-nucleotide target sequence (figure 1). We observed point mutations at different positions, but also deletions that partially or completely delete the target sequence, thus highlighting the chance process of the mutational event that triggers escape. Further analysis of the exceptional R8 mutation demonstrated that this escape route affects the local RNA structure, such that the target sequence is masked and not accessible for the RNAi machinery (Westerhout et al. 2005) . This result underscores why we usually perform so many evolution experiments in parallel. As evolution is a chance process, one may need to probe multiple evolution tracks before the more exotic escape paths will be disclosed. Other large-scale escape studies indicated that the sequence variation induced by RNAi pressure mimics the natural variation in HIV-1 isolates, arguing that viral fitness 
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EVOLUTION OF HIV-1 VACCINES
Virus evolution experiments can play an important role in the safety testing of candidate vaccines. For instance, whereas AIDS vaccines based on a live-attenuated virus have shown promise in the SIVmacaque model, virus evolution studies revealed that such vaccines will likely be unsafe (Johnson & Desrosiers 1998; Mills et al. 2000; Whitney & Ruprecht 2004; Koff et al. 2006) . The major safety concern is that a chronic infection is established and low-level replication of the attenuated virus may eventually lead to the selection of fitter and pathogenic virus variants (Baba et al. 1995 (Baba et al. , 1999 Whatmore et al. 1995; Chakrabarti et al. 2003; HofmannLehmann et al. 2003) . The D3 HIV-1 variant, which is attenuated by deletions in three non-essential genome segments, was considered a vaccine candidate because it seemed impossible that the virus could evolve to a pathogenic variant through repair of the deletions. However, we observed that this virus can regain replication fitness in prolonged cell culture infections . As expected, the deletions were not repaired. However, an intriguing sequence duplication was selected in the LTR promoter, which doubled the number of Sp1 binding sites from three to six and greatly improved virus replication. Multiplication or deletion of repeat sequence motifs is more frequently observed and seems to be a popular virus evolution strategy Marzio et al. 2001; Leonard et al. 2008; Berkhout 2009 ).
Evolution experiments may also help in the development of more safe HIV-1 vaccine candidates. For example, we successfully used virus evolution to improve a doxycycline-dependent HIV-1 variant, which was developed as a novel approach to increase the safety of a live-attenuated vaccine strain . In this conditionally live virus, named HIV-rtTA, the Tat-TAR transcription activation mechanism was functionally replaced by the Tet-ON system for inducible gene expression (Baron & Bujard 2000; Gossen & Bujard 2001) . Both Tat and TAR were inactivated through mutations at essential positions in the protein and RNA hairpin, respectively (figure 2). The Tet-ON system was integrated by insertion of the gene encoding the doxycycline-inducible rtTA trans-activator protein at the site of the nef gene and insertion of eight rtTA-binding tetO sites in the LTR promoter region. The original HIV-rtTA construct replicated poorly, but stably maintained the introduced components of the Tet-ON system and the mutations in Tat and TAR. Long-term culturing of HIV-rtTA resulted in the selection of greatly improved variants. Analysis of these evolved viruses revealed that the components of the Tet-ON system had been optimized (figure 2). The number of tetO elements was reduced to two and the spacing between the remaining motifs was subsequently reduced from 41 to 26 or 27 nucleotides . This new spacing remarkably resembles the 29-nt spacing of the tetO elements in the E. coli Tn10 operon from which the Tet-ON components are derived. Further analysis showed that the new tetO configuration improved viral replication by fine-tuning of the LTR promoter activity (Marzio et al. 2002) . Upon long-term culturing of HIV-rtTA, mutations were also observed in the rtTA protein that significantly improve its activity and doxycycline-sensitivity (Das et al. 2004b; Zhou et al. 2006b Zhou et al. , 2007 . We demonstrated that these evolved rtTA variants not only improve replication of Figure 2. In vitro evolution of the doxycycline-dependent HIV-rtTA virus. In the HIV-rtTA virus, the Tat -TAR axis of transcription regulation has been inactivated by mutation of both Tat and TAR (tat m and TAR m , crossed boxes). Transcription and replication of the virus were made doxycycline-dependent by introduction of eight tetO elements in the LTR promoter region and replacing the Nef gene by the rtTA gene. This 248-amino acid protein is a fusion of the E. coli Tet repressor (TetR, which can be subdivided into a DNA-binding domain (BD) and a regulatory core domain with a dimerization surface) and the VP16 activation domain (AD) of herpes simplex virus. Administration of the doxycycline effector induces a conformational switch in the rtTA protein, which subsequently can bind to the tetO-LTR promoter region and activate transcription of the proviral genome. Thus, transcription and replication of HIV-rtTA are critically dependent on doxycycline. Evolution of HIV-rtTA resulted in modifications in the tetO promoter region (lower left panel; the original eight tetO and evolved two tetO and 2D tetO configurations are shown, see text for details) and in the rtTA gene (lower right panel). The black triangles indicate amino acid substitutions in rtTA that were observed upon evolution of HIV-rtTA in multiple, independent long-term cultures, and that were found to improve the transcriptional activity and doxycycline sensitivity of rtTA.
the conditionally live HIV-1 variant but also the performance of the Tet-ON system, which is widely used to regulate transgene expression. These new rtTA variants will be very useful in biological applications that require a more sensitive or active Tet-ON system. These studies demonstrate that the viral evolution strategy can be used to improve nonviral genes by making them an integral and essential part of the viral replication machinery.
In some extended cultures, we observed mutations at specific positions in rtTA that increased the background activity in the absence of doxycycline. These rtTA changes, which were always owing to onenucleotide transitions, allowed virus replication in the absence of doxycycline. We therefore designed novel rtTA variants that require a more difficult nucleotide transversion or multiple simultaneous nucleotide substitutions to be converted to a doxycyclineindependent variant (Zhou et al. 2006a,c) . This higher genetic barrier did indeed block the undesired evolutionary routes of HIV-rtTA, which again illustrates the importance of the mutation step in viral evolution.
VIRUS EVOLUTION TO STUDY STRUCTURED RNA SIGNALS
We have successfully used evolutionary techniques to study important structured RNA motifs in the HIV-1 genome. Our initial studies addressed the TAR hairpin structure that is present at the 5 0 and 3 0 end of the viral RNA ( figure 1a) . The upper part of the 5 0 TAR structure binds the viral transcriptional activator Tat protein and cellular co-factors, but no clear function for the lower stem region had been established. We reported that base substitutions in the lower stem region severely inhibited HIV-1 replication (Klaver & Berkhout 1994 ). Upon long-term culturing, better replicating viruses could be isolated with a great variety of genetic changes (point mutations, short deletions) that restored base-pairing of the lower stem region, which demonstrated that the stability of the TAR structure is essential for optimal HIV-1 replication.
Several TAR mutagenesis studies suggested that the TAR hairpin has other functions in HIV-1 replication in addition to its role in transcription, such as translation, dimerization, packaging and reversetranscription of the viral RNA and references therein). Most of these studies were complicated by the fact that mutations in TAR have a dominant negative effect on viral transcription, which obscures other effects in the viral life cycle. We therefore recently reinvestigated this issue in mutation-evolution studies using the HIV-rtTA variant that does not need TAR for the activation of transcription . Surprisingly, deletions in either the left or right side of the TAR stem dramatically impaired HIV-rtTA replication (A and B mutants in figure 3a) , while a double mutant that combines these deletions replicated efficiently (AB mutant). Evolution of the single-side mutants resulted in nucleotide substitutions in TAR that restored the stability of the stem and thereby improved viral replication. The nearly complete deletion of the TAR sequence also reduced HIV-rtTA replication (mutant E in figure 3a,b) . In long-term cultures of this mutant, we observed two different evolution routes in which the remaining TAR nucleotides were either removed (variant E I in figure 3b ) or replaced by an unrelated stable hairpin (variant E II). Both evolved TAR-deleted variants replicate efficiently, which demonstrates that TAR has no essential second function in HIV-1 replication, at least in vitro.
Subsequent analyses revealed that the single-side deletions that opened TAR caused an unforeseen interaction between the remaining TAR nucleotides and nucleotides downstream of the polyA hairpin (Vrolijk et al. 2008 ). This interaction resulted in an extension of the polyA hairpin that-like TAR-is present at both the 5 0 and 3 0 end of the viral RNA ( figure 1a) . This interaction altered the conformation of the untranslated leader at the 5 0 end of the viral RNA, which affected the processes of RNA dimerization and packaging (Vrolijk et al. 2008 and unpublished results) . Moreover, stabilization of the polyA hairpin at the 3 0 end of the viral RNA affected the process of polyadenylation, which further inhibited viral replication (Vrolijk et al. 2009 ). These studies demonstrate that mutational analysis of TAR is risky because it can induce unwanted side effects that affect non-related replication steps. These effects can easily be misinterpreted as providing evidence for secondary TAR functions.
We used similar virus evolution experiments to study other structured RNA signals in HIV-1 (e.g. polyA and SD hairpin; Das et al. 1997 Das et al. , 1999a Abbink & Berkhout 2007) , which eventually led to the description of an alternative HIV-1 RNA leader structure in which the polyA hairpin is opened to allow base-pairing with the DIS domain (Huthoff & Berkhout 2001; Abbink & Berkhout 2003; Ooms et al. 2004) . The equilibrium between the two leader conformations may function as a riboswitch that is important in controlling RNA dimerization and packaging. Virus evolution approaches have also successfully been used by others to study RNA signals in the RNA bacteriophage MS2 (Olsthoorn & van Duin 1996; Klovins et al. 1997; Licis et al. 2000) .
HELPING THE MUTATION STEP BY SEQUENCE RANDOMIZATION
The Systematic Evolution of Ligands by EXponential enrichment (SELEX) technique is a powerful method for the selection of molecules with unique properties (Breaker 2004) . Whereas Darwinian evolution usually applies to living organisms over long periods of time, SELEX allows for the rapid in vitro evolution of functionally active nucleic acids from a pool of randomized sequences. We described an in vivo version of this nucleic acid evolution protocol in which selection and amplification take place inside living cells by means of HIV-1 replication (Berkhout & Klaver 1993) . In brief, we generated a library of HIV-1 DNA genomes with random sequences in a particular genetic domain. This mixture of HIV-1 genomes was transfected in human T cells and the outgrowth of the fittest viruses was observed within two weeks of Review. Lessons from HIV-1 evolution A. T. Das & B. Berkhout 1969 viral replication. Compared with the laborious in vitro selection and amplification steps, much time and effort is saved in this in vivo approach. Moreover, adaptive changes may arise outside the randomized genome segment during virus replication due to the errorprone viral replication machinery. We used this approach to probe the sequence requirements for the HIV-1 TAR hairpin structure (Berkhout & Klaver 1993) . We randomized the 3-nt bulge region to which the viral Tat transcriptional activator protein binds. Replication of this mixture of viruses resulted in the rapid selection of the wild-type bulge sequence UCU, which is also present in 80 per cent of the natural HIV-1 isolates. The method has also been successfully applied to study the replication of other retroviruses (Doria-Rose & Vogt 1998; Morris et al. 2002) , hepatitis B virus (Rieger & Nassal 1995) , plant viruses (Sun et al. 2005; and herpes simplex virus type 1 ( Yoon & Spear 2004) . Although many RNA viruses exist as a quasispecies of closely related but genetically distinct genotypes, their evolutionary potential is restricted because they probe only into a limited area of sequence space around the quasispecies. In vivo Figure 3 . HIV-1 requires a stable hairpin structure at the 5 0 end of its RNA genome. (a) The HIV-1 molecular clone LAI contains a 57-nt wild-type TAR hairpin (TAR wt ). In HIV-rtTA, which is based on LAI, TAR was inactivated by nucleotide substitutions in both the bulge and loop motifs (encircled in TAR m ). The TAR m sequence was partially or nearly completely deleted (mutants A -E). The deleted nucleotides are boxed in grey. (b) Secondary structure of the 5 0 end of the viral RNA of the HIV-rtTA variant, the E mutant and the evolved E I and E II variants.
SELEX provides the opportunity to sample a larger part of the sequence space by randomization of multiple nucleotides, yielding valuable information and new molecules with interesting properties.
SECOND-SITE MUTATIONS
In most mutation-evolution studies, HIV-1 will restore the function of the mutated element through sequence changes in this domain. The mutated virus can also acquire additional mutations outside the mutated region that improve viral replication. For example, in evolution studies with a Tat-inactivated HIV-1 variant, the virus acquired an additional mutation in another domain of the viral Tat protein. This second-site mutation partially restored Tat activity and viral replication, although a structural explanation is currently lacking . Second-site mutations can also occur in other genome segments to impose a general replication improvement that is not related to the initial defect. For instance, we selected an up-mutation in the Envelope protein in studies with an HIV-1 variant that was translationally crippled through modification of the 5 0 untranslated leader region (Das et al. 1998 ). Although it is attractive to think about a functional coupling of these two issues, further analysis revealed that the second-site mutation presented a general improvement of viral replication fitness that is not directly linked to the leader modifications (Das et al. 1999b) . Indeed, this same Envelope mutation appeared later in a completely unrelated evolution study (Baldwin & Berkhout 2006) . Some recent examples indicate that the misinterpretation of such a second-site mutation as a direct effect can become a major problem in the interpretation of HIV-1 evolution studies (Hache et al. 2008 (Hache et al. , 2009 Leonard et al. 2008; Berkhout 2009 ).
DISCUSSION
Several basic and applied research lines on HIV-1 were presented in which we used diverse virus evolution methods. These studies ranged from the selection of drug-resistant HIV-1 variants by virus evolution under selective pressure to the study of critical RNA hairpin motifs in the HIV-1 genome by means of forced evolution of virus mutants. These examples underscore the enormous potential of incorporating evolution methods in the design of virus experiments. It may therefore be surprising that only a few laboratories have used the virus evolution method in a systematic manner. One should obviously keep in mind the limitations of such in vitro HIV-1 studies, which will-among other things-miss the major selection pressure imposed by the adaptive immune system. A major advantage of virus evolution approaches over regular hypothesis-driven research methods is that one will frequently stumble on new phenomena that are disclosed in the physiologically relevant setting of replicating virus. For those researchers that are willing to listen to the virus, there will be many unforeseen discoveries that the virus is trying to teach us about. We have trained ourselves and our students to foster unexpected viral evolution routes because they can form the basis for truly new discoveries. This sometimes means that the scientist has to abandon the traditional way of doing science, in which a pre-existing model is tested by means of specific experiments. To be able to carefully listen to what the virus is telling us, it is preferable that the researcher starts with an unbiased view. This paradigm shift in how to perform scientific experiments may be the most difficult part of performing pioneering virus evolution studies.
